Two v ertical pipes, p laced on th e axis of an open circular ta n k a n d fitte d w ith tru m p e t entries of different shapes, were used in tu rn as overflows. W a te r w as led in to th e ta n k in such a w ay th a t th e strea m ap p ro ach in g th e tru m p e t u n d e r te s t possessed ta n g e n tia l v elocity, w hich caused a v o rte x to a p p e a r in an d above th e tru m p e t. T he relatio n s b etw een h ead a n d discharge were determ in ed u n d er v arious conditions of ta n g e n tia l supply. T he fo rm atio n of a v o rtex g reatly reduced th e discharge, th e decrease being even m ore m a rk e d w ith th e shallow th a n w ith th e deep tru m p e t. A t low heads, w here th e flow w as controlled by th e w eir action of th e tru m p e t crest, th e discharge v aried w ith th e shape o f th e crest as well as w ith th e irro ta tio n a l c o n sta n t c a n d th e h ead, therefore (as w ith p u rely rad ia l supply) it m u st be determ ined b y experim ent. A t high heads w ith th e tru m p e t flooded, th e th r o a t controlled th e flow; w ithin certain lim its, th e discharge w as d ep en d en t chiefly u p o n c a n d th e h ead m easured w ith th e th ro a t as d a tu m , a n d a n ap p ro x im ate th e o ry w hich ignores friction was verified. Two types of in stab ility , 'su rg in g ' a t low heads an d 's p lu tte rin g ' a t high heads, were exam ined. B oth were due to th e collapse a n d su bseq u en t re-fo rm atio n o f feeble vortices, which caused th e discharge to v a ry w ith tim e in a periodic m anner.
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I n t r o d u c t i o n
The behaviour of whirlpools set up in the water at the submerged entrance to a pipe has long been regarded as obscure. Of recent years the problem has become important because of the increasing use of trumpet-shaped circular weirs for removing surplus water from reservoirs. Published information on the subject is scanty, and what little exists deals principally with the coefficients of discharge of trumpets having various shapes and sizes and with methods of suppressing the vortex a t entry. G. M. , who was concerned with the design of trumpets for the Jubilee Reservoir, Hong-Kong, used numerous models, most of which were very large judged by laboratory standards. But the arrangement of the lake constructed for the pur pose, in which the models were placed, precluded control of the tangential velocity (or 'swirl') of the water approaching the trum pet, therefore no correlation was established between the swirl and the discharge through the trumpet. In the following pages an account is given of an attem pt to elucidate this point and to determine the general characteristics of flow in the presence of vortices. The scale adopted was small, and it is not to be expected th at the actual numerical results can serve as a highly accurate guide to the performance of a large installation.
The trum pet under test was placed in the centre of a circular open tank to which water could be supplied (i) radially, or (ii) through pipes set tangentially, or (iii) by means of a combination of (i) and (ii). Thus some measure of control over the swirl was possible, and the reduction in the discharge due to vortex formation could be determined. Experiments were made over a wide range of heads corresponding to the action of a reservoir trum pet under both normal and catastrophic conditions ; the range was sufficiently great to cover also the case of a trum pet used as an over flow in a tank, its crest being placed considerably below the top of the tank. For purposes of comparison tests were carried out also on a pipe of uniform diameter. No attem pt was made to suppress the vortex by any method such as the insertion of radial piers on the crest of the trumpet, thus the results may perhaps be regarded as purely cautionary-demonstrating the types of instability caused by feeble vortices, and also the enormous reduction in discharge due to vortex formation, which was briefly noted by Gibson (1911) . However, it was thought th at interest in the action of whirlpools was amply sufficient to justify the work. The experiments may be regarded as a natural extension of those described by A. M. and by A. M. Binnie & Wright (1941) who, using similar apparatus except for the tangential supply pipes, confined their attention to conditions of radial flow.
It should be added th at no great progress has hitherto been made by purely theoretical methods. Elementary considerations suffice to show that in a perfect liquid of infinite extent the form of the surface of a free vortex is hyperbolic provided that the vertical velocity is zero everywhere (Lamb 1932) . But if discharge occurs through a vortex situated above a trumpet, the question becomes one of the notoriously difficult class known as tree-surface problems. The recent development of relaxation methods by Southwell (1946) provides a means of sol ving particular cases, and an account will be published elsewhere of the application of these methods to vortex flow through an orifice-plate; in that investigation the motion has been taken as irrotational so that (in accordance with the principle of the conservation of angular momentum) the swirl v at radius r was given by v = cjr, where c was the same for every particle of the liquid. But in the present experiments the effects of friction were found to be important, not only over the inner surface of the trum pet where the swirl was very great but also throughout the circular tank.
D escription of the apparatus
The plan and half-sectional elevation of the apparatus are shown in figure 1. The circular tank A was supported on three levelling screws, and over a circular hole in its bottom the brass casting B was bolted . The plate C closed the base of the casting, and the sta inless steel pipe D, to the top of which the trum pet was fitted, was soldered to this plate. For radial supply to the tank, the water was admitted through a control valve and a symmetrical arrangement of 2 in. piping to two openings diametrically 1 0 1 2 ft F igure 1. P lan and elevation of circular tan k .
opposed in the casting B. I t then passed vertically upwards through the annular space in the casting B, in which radial fins were placed to destroy any rotation about the vertical axis. After emerging through the bottom of the tank, the water was forced to flow outwards by the baffle plate E which was supported on three small feet, thus the incoming water could not disturb the flow near the trumpet. To check this arrangement, drops of malachite green solution were inserted at various points in the tank, and it was seen that the supply to the trum pet was steady and truly radial. For the tangential supply the water passed through a control valve, an orifice-plate and symmetrical piping to the two pipes F which were bent to the correct radius. Three pairs of pipes F were used in turn, their nominal diameters being 1 and 2 in. After leaving the circular tank through the pipe D the water (together with any entrained air) fell into the bell G (figure 2), which was clipped to the lower end of the pipe and which was supported in the open tank H. Here the air and water were separated, the water passing over the weir to a calibrated measuring tank. The air was extracted from the bell through the steadying vessel K and the gas meter L by means of the fan M, which could be controlled with the air of the gauge N so th at the pressure in the bell remained exactly atmospheric.
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Figure 2. Air m easurem ent apparatus.
A hook gauge with a range of 19 in. was used for measuring the water level m the circular tank, its zero being determined by means of a subsidiary hook gauge in the manner described by A. M. Binnie & Wright (1941) . In these gauges the arrange ments for supporting the hooks were of a special design, and an account of them may be of interest. The type commonly used in laboratories consists of some form of slider actuated by a screw or a rack. This system, although satisfactory when new, develops a serious defect after a little use. It is then found th at the inevitable wear of the slider causes the normal vertical movement of the tip of the hook to be accompanied by a most undesirable lateral motion or shake. To overcome this difficulty the pattern shown in figure 3 was evolved. It is of correct geometric design so that no shake is possible, and it is easy to construct for no gear cutting is required. The casting a, which resembles a four-legged table on its side with part of the top cut away, is fixed and supports a ^vernier, and through its legs slides the graduated tube b carrying the hook. The double conical wheel c serves a treble purpose: (i) it is pressed against the tube by the spring washers d at its supports, thereby securing firm sliding contact at the points e, e ',/ a n d /' which remove four degrees of freedom; (ii) because it fits over the rail g fixed to the tube, it destroys the fifth degree of free dom of the tube, namely, rotation about the vertical axis; (iii) when rotated by means of the operating wheel h, it moves the tube vertically, which is the only direction in which motion is possible. The jamming action of the conical wheel on the rail ensures th at the friction force there considerably exceeds the sum of the friction forces at e, e', f an d / ', and thus the tube can be raised by turning the operating wheel. To prevent the tube from descending when released, sufficient friction can be obtained a t the sliding surfaces and a t the bearings of the spindle on which the conical and operating wheels are mounted.
402
A. M. Binnie and G. A. Hookings 2 in. 3
The trumpets used, which are shown in figure 4, were machined gun-metal castings push-fitted over the vertical pipe D indicated in figure 1. The plain pipe which was also tested had its upper end chamfered downwards and outwards a t 45°. Each of these three arrangements had a total overall height of 33 in. from crest to outlet so that a fair comparison could be made between them. Their crests were fixed 20^ in. above the base of the tank in order to minimize the influence of the bottom. The trumpets were very nearly geometrically similar to those employed by G. M. and by A. M. Binnie & W right (1941) . In the deep bellmouth A the low-pressure region is far from the surface in the tank and vortices are not readily formed in it, but it is of a shape too costly to construct on a large scale. Bellmouth B is of practicable form for use in reservoirs, although its action is liable to be disturbed by a small swirl in the supply. 
D ischarge tests
As a first step the relation between the discharge Q and the-head H above the crest was determined for each overflow, the radial and the three tangential supplies being employed in turn. The results are shown in figures 5 to 7. The typical dimen sion of each overflow is taken to be the diameter 2a of the throat and tail pipe, hence the non-dimensional quantities plotted are H/(2a) and (2<7)*}. The earlier investigations with radial supply showed that under certain circumstances the Q-H relation was different with rising and falling values of H. This point was again examined, and where a difference was found it will be commented upon. A full description was previously given of the action of the three overflows with radial supply, and it need not be repeated here. I t is sufficient to state th at with the slightly larger overflows now employed the same behaviour was observed, and th at the supply was so free from swirl that the few vortices seen were small and transient.
$
Plain pipe (figure 5) With the tangential supplies, the discharge at very low heads differed little from th at measured with the radial supply, and the flow was controlled by the weir action of the top of the pipe. An air core occupied most of the interior of the pipe, and the water flowed down helically in contact with the wall, emerging from the outlet as a spinning annular jet. When Q was increased, the critical conditions were soon reached where the control of the discharge shifted to the carrying capacity of the pipe, and here the experimental curves turned steeply upyards. The very large reduction in the critical values of Q and H compared with those obtained with radial supply was due to two causes: (a) since a permanent air-core occupied p art of the interior of the pipe, the cross-section available for the water flow was decreased and the length of the pipe had no influence upon the discharge; (6) the velocity of the water in the pipe due to its loss of height had of necessity a large tangential com ponent in the horizontal plane due to the small radius (in plan) of its path, hence its vertical component was greatly diminished. In all these tests the air-core of the permanent vortex reached from the surface in the circular tank down through the pipe. As it entered the pipe its diameter increased because in this region the vertical acceleration of the water was considerable and a corresponding reduction in the cross-section of the stream occurred. The vertical velocity of the water increased as it passed down the pipe, causing a further enlargement of the air-core diameter. Unless the latter was very small, its axis was almost perfectly steady, but the surface of the core was disturbed by ripples of helical appearance, which in a powerful vortex rose spinning with sufficient intensity to be visible even on the almost hori zontal surface in the tank. There they often gave a casual observer a false impression of the direction of rotation of the vortex. The existence of these ripples may be explained by reference to the work of Rayleigh (1892) , who showed that, owing to surface-tension effects, the surface of a cylindrical air-core in a liquid is unstable and subject to varicose undulations of wave-length about 6*48 times the core dia meter. This result is true also when the liquid is spinning irrotationally. I t appears that, when corrugations of this type are formed on the rotating and falling trum pet shaped surface of an actual vortex, they give rise to the system of waves described above.
Tests were made with combinations of the radial afid tangential supplies, yielding curves intermediate between those shown in figure 5. They were carried out by setting the tangential supply a t a fixed value and then altering the radial supply in steps.. This procedure led to the discovery of a type of instability due to the formation and collapse of very feeble vortices. I t was found with the 2 in. tangential supply in use, which for an obvious reason produced a thinner vortex than the other two. As the radial supply was increased, thus reducing the swirl, the vortex became still more slender until eventually the stage was reached where a permanent air-core could no longer be maintained. This point was well defined, for a loud spluttering noise was emitted due to the rapid opening and shutting of the air-core. The level in the tank immediately commenced to fall, indicating th at the greater discharge had begun which is associated with coreless flow. After a time the frequency of the spluttering decreased, and finally stopped when a permanent air-core was re established. Thereafter the water level again rose, and as soon as it had regained its former value, the cycle, which had a period of about 45 min., was repeated. This succession of events is explained by figure 8, which shows the actual values of Q and H recorded in the relevant tests. flow with an air-core which was obtained by commencing the test a t zero head; (ii) BC, for the coreless flow which resulted on beginning a t a very high head. The curves could be traversed with both rising and falling heads provided th a t the upper limit A and the lower limit C were not passed. Accordingly, if the point A was attained in the sequence mentioned above, the discharge changed suddenly to th a t indicated by B. This was much larger than the supply, consequently the level fell to a point near C, which gave the lowest value of H a t which coreless flow was possible. Thereupon the discharge moved to a point near D and was now smaller than the supply, therefore the level rose to A , thus completing the cycle. Figure 8 also shows th at a similar but less marked effect occurred with the larger vortex associated with a tangential supply of 22-9 cu.in./sec.
Bellmouth A (figure 6) W ith the tangential supplies it was again found th at a t very low heads the effect of the swirl upon the discharge was slight. This was confirmed by-observations of surface particles and filaments of coloured liquid, which moved in almost circular paths until they were very near the crest. Once they came within the immediate influence of the crest, the direction of their paths changed sharply by nearly 90°; Q (cu.in./sec.) Figure 8 . Discharge tests on th e plain pipe showing instability due to splutteringand since they passed over the crest almost radially, the discharge was affected only -slightly by the original swirl. As the head was increased , the onset of critical con ditions was shown by the appearance in the trum pet of a shelf of rotating water with an air-core. A further rise in the head brought the shelf up to the surface in the tank, the control of the flow then passing from the trum pet crest to the throat. The radial and tangential supplies, used together in the manner described above, again led to interesting results. W ith the \ in. supply set a t 15-6 cu.in./sec. the normal curve of weir action was obtained until the shelf appeared when the radial supply F igure 9. Discharge tests on bellm outh A showing instability due to surging. was 64-8 cu.in./sec. But under these conditions the level of the shelf, instead of remaining constant, rose and fell in the trumpet. At a radial supply of 81-4 cu.in./sec. this surging was more marked, the fluctuations extending from the crest of the trumpet almost to the throat. A further increase of only 2*4 cu.in./sec. produced a marked change, for the level in the tank suddenly rose by nearly 5 in. as indicated by the broken line BC in figure 9. Higher rates of flow produced the curve but when the radial supply was decreased, the observations followed the course DC BA back to the weir portion of the curve, showing that the high-head vortex once formed was stable. These effects did not occur when the tangential supply was 21-9 cu.in./sec. or higher. With the 1 in. tangential supply the surging ceased before the trum pet was completely filled up, but the ensuing rise in level, consequent on the formation of a high-head vortex, was so great th at it exceeded the 15| in. freeboard between the trum pet crest and the top of the tank. The usfe of the 2 in. pipe had more intricate consequences. With the tangential supply set a t 12-0 cu.in./sec. the vortex in the partially filled trum pet was so feeble th a t it spluttered, emitting a loud rasping noise and entraining considerable volumes of air; and when the radial supply was further increased the flow became entirely coreless. At 15-0 cu.in./sec. surging occurred, and the sudden rise in level which followed the filling up of the trum pet was about 7 in. B ut the resulting vortex was so feeble th at spluttering ensued and the curve corresponding to DCE in figure 9 could not be followe in the tank fell and rose in the manner described in connexion with figure 8. At 28*9 cu.in./sec. the surging was followed by so violent a rise in level th at the radial supply had hastily to be reduced, but the vortex proved to be stable, and a curve similar to CE in figure 9 was recorded.
Useful evidence on surging action was obtained by employing a Perspex trum pet, similar in shape and size to bellmouth A and placed on top of a glass tube. I t was seen th at the fall in level in the trum pet was accompanied by the passage through the pipe of a coreless block of water. The core was immediately re-established, but as the discharge capacity of the pipe under these conditions was less than the supply over the trum pet crest, the level in the trum pet began to rise. But, due to friction a t the wall and to shock where the falling water impinged on the shelf, the energy loss in the partially filled trum pet was sufficient to prevent the maintenance of the core. Consequently the discharge capacity of the pipe suddenly increased, and the contents of the trum pet were again gulped down the pipe.
Bellmouth B (figure 7)
A comparison of figures 6 and 7 shows that, with radial supply, critical conditions were reached at almost the same discharge although at different heads; at high heads the shape of the trum pet had little influence. The expectation was confirmed th at in the presence of vortices the discharge of bellmouth B was much the lower of the two. The main point of interest in this set of experiments was, however, the spec tacular nature of the surging which was observed within a small range of supply conditions. With the 2 in. supply set a t 12-1 cu.in./sec. surging set in with a radial supply of 51-9 cu.in./sec. This quickly increased in violence until the filling up of the pipe after a gulp was so rapid that the water issued from the throat in the form of a rotating jet, which, owing to centrifugal action, spread out like a mushroom. It then fell back into the throat and at once disappeared. The surging ceased when the radial supply was increased above 60 cu.in./sec. Thus the evidence suggests th at surging may be expected when the supply to the trum pet has a low and critical amount of swirl. If the swirl is too small, no core is formed in the partially flooded trum pet; if too great, the vortex is sufficiently powerful to persist when the trum pet is completely filled.
Surging with a similar but much larger trum pet was noticed by G. M. , but not on so marked a scale. This was perhaps due to the fact that his model was fitted with an inclined tail pipe. Thus after a gulp the air-core could not be so readily re-established as when the vertical pipe below the trum pet terminated in an open end.
Variation of c in the circular tank
For a viscous liquid rotating about a vertical axis it can be seen from the equations of motion (Goldstein 1938) that, if the vertical velocity is zero everywhere, a dis tribution of swirl given by vr -constant is possible whatever the radial velocity may be. Thus, by itself, viscosity does not cause changes in the magnitude of the constant. Provided th at the inlet disturbances are not serious, the above relation may be expected to hold good at le vels in the tank far from the bottom and at radii intermediate between the supply pipes and the trumpet. The investigation of this point proved difficult. The velocities were too low for a Pitot tube to be employed except near the air-core, and there its use upset the vortex. Drops of coloured liquid introduced into the tank were also unsatisfactory, for they were quickly drawn out into long spiral filaments. The method finally adopted was to time the rotation of a match stick loaded with lead at one end and floating almost totally immersed with its long axis vertical. When steady motion had been established, centrifugal action constrained the rod to rotate in an almost circular path, the radius of which could be changed by altering the total weight of the rod. The 2 in. supply was found satis factory, for at 58*5 cu.in./sec., the largest flow which was examined, c was found to be 27in.2/sec. at radius 17Jin. and 22in.2/sec. at radii 13, 7J and 3Jin. At smaller radii the motion of the rod was too precarious for the method to be practicable, but the effective value of c at the throat was deduced from pressure measurement, as explained in § 5, to be 23 in.2/sec. On the other hand, with the J in. pipes, with which the inlet disturbances and the speed of rotation were greater, c fell from 88 in.2/sec. at radius 18 in. to 44in.2/see. a t radius 7 in. when the flow was 66-4 cu.in,/see., showing th at this method of supply was too violent to be entirely satisfactory. The experiments also indicated how great a loss of energy occurred in'the tank. The ratio of the observed swirl at radius 18Jin. to that calculated from the size of the pipes and from the measured discharge was found for the 2 in. supply to be 018 over a considerable range of discharge, while for the Jin. supply the ratio was as low as 0-065. These large reductions in energy were unavoidable, for (apart from a small contribution due to shock a t entry to the tank) they wrere caused by friction between the tank interior and the water, every particle of which completed many revolutions before being discharged through the trumpet.
Comparison of the theoretical and the observed discharges &
An approximate expression for the discharge in the presence of an air-core may be obtained on the assumption that at the throat of the trumpet the radial velocity is negligible, i.e. that the surface of the core is vertical. At this horizontal section the flow can be analyzed by Bernoulli's equation. If L is the difference of height between the crest and the throat, a and b are the radii of the throat and the core, and h' and 9 w are the pressure head and the downward velocity a t radius r, it follows th at for frictionless flow
( 1 )
Here the small term has been omitted which arises from the tangential kinetic energy a t a large radius in the circular tank. The variation of h' over the annular cross-section is seen to be h' = Strictly speaking, yjb (where y is the surface tension) should be subtracted right-hand side of (2), but investigation showed th a t this term was negligible for the relatively powerful vortices now under consideration. On combining (1) and (2) we find th at w has the value, constant over the cross-section, given by , t» = ( 2 < 3 > and th at therefore the discharge Q is « = to2(i -9 (2^,-3 '-(4> Now for stability of flow b must adjust itself so th at the discharge is maximum, and the condition dQjdb = 0 yields 62 = ^{ c 2 + (c4 + 16a*c*gH')i}.
The solution containing a negative sign before the square root is clearly inadmissible. Thus (4) and (5) taken together provide an expression for Q when either c or is given. At Sir Geoffrey Taylor's suggestion an alternative proof of (5) is given below, based on the conception of Reynolds (1886) th at over the critical cross-section the velocity of streaming is equal to th at o f a small wave in the fluid. This idea was applied originally to gas flow through a nozzle, where a t the throat the streaming velocity was shown to be identical with the local velocity of sound. B ut it may also be used with liquid flow, and when employed to solve the problem of the broadcrested weir it gives at once the familiar result th at the depth of the stream over the weir is two-thirds of the total head. In the present case it is necessary to calculate the velocity Vo f a ' long ' wave of annular form moving in an axial direction on t rotating surface at the throat. If q is the additional velocity due to the wave motion at points where the infinitely small surface elevation is tj, the equation of con tinuity is {n(a2 -b2) +277-69/} (F + q)
Now the increase of pressure a t any radius due to the spinning portion between radii 6 and 6 -r\ i s c2 2 ((b-17)2 (V hence, p being the density and dp the c?l__
excess of pressure owing to the wave motion,
On substitution from (6), (8) reduces to Sp c2rf 2 ~p + 6 f = (9) 7j being taken as small. Thus the free surface conditon = 0 is satisfied when Finally, on identifying V with w and equating (3) and (10), we obtain (5). The above conclusions hold good only when the throat controls the flow; if Q is determined by weir action, b 'can be found from (4) when c is specified. The experi ments to be described were confined to the former conditions, and, as explained in §4, it was not found feasible to measure the swirl close to the trum pet crest. A pressure tapping was therefore drilled in the throat of bellmouth B and connected by a tube of very small diameter to a water gauge outside the tank. Then from (2) a relation between b and the effective value of c could be obtained in the form
where h is the throat pressure head. The combination of this with (5) yields
in which expressions like signs in front of the square roots are to be taken with like. An ambiguity thus arises, for it is impossible from measurements of H ' and h only to decide which of the two values of c and 6 are the true ones; the same value of h can be given by a stream possessing a relatively small swirl but large radial thickness and one in which the swirl is great and the radial thickness is small. The theoretical values of the discharge Q,to be compared with those observed, ca (4), (12) and (13), but the range over which the theory is valid is limited to H' jh 5* approximately. This restriction arises in (12) and (13), where the values of the expressions under the square roots must not fall below zero. The other limit H'jh ^ 0-09, similarly obtained, is meaningless, for it leads to negative values of Several sets of observations are displayed in table 1, to which have been added the corresponding double values of the theoretical discharges. I t is obvious th at the experiments were carried out in the range to which the negative signs apply, and th at the theoretical discharges obtained with the positive signs may be ignored. From the last column in table 1 it appears that the observed and calculated dis charges are in fair agreement in the range over which the theory is applicable. At low heads the theory overestimates the discharge; a t high heads with weak swirls it predicts too low a value, the same tendency being noticeable when the limit H 'jh = 2-91 is approached, as is to be expected. Evidently under conditions near and below this critical value of H 'jh the effects of friction with predominant, but a theory which takes these effects into account is not a t present available. Swirling flow through a trum pet is one of the few cases where friction enhances the discharge. If the liquid suddenly became 'perfect', it is clear th a t the level in the tank would immediately rise owing to the reduction or even cessation of the discharge through the throat. 8-00 Table 1 shows that within certain limits an estimate of the probable discharge may be made when W and c are specified. Now (5) indicates the existence of an air-core however small c may be, yet trumpet tests gave results similar to figure 8, showing that flow' without a complete air-core did in fact occur when the Swirl wras very low. Experiment confirmed th at with dimples and very slender vortices surface tension was an important factor, for they were momentarily unsettled and sometimes destroyed by the introduction of a few drops of methylated spirit on the surface nearby. This treatm ent had no effect upon strong vortices. I t was not, however, found possible to make measurements of feeble disturbances owing to their transient nature, thus an estimate cannot be given of the size of the smallest vortex which occurred. In the tests recorded in table 1 the least (calculated) value of 6 was in the last, where it was 0-20 in.
. The existence of dimples (or embryonic vortices) situated a t high heads above the trum pet is interesting, for at first sight the absence of an air-core below the dimple suggests infinite velocities there. The insertion of coloured water into the tank showed that even very close to the dimple the water was rotating very nearly in horizontal planes, but a narrow spinning tube of liquid descended with con siderable velocity from the base of the dimple into the trumpet. Its diameter in creased with depth as it entrained the surrounding water. Thus the motion was three-dimensional, and no question of infinite velocities arises. Gibson (1946) suggested th at the motion could be explained by supposing the existence of a compound vortex (sometimes termed a Rankine combined vortex), which is a combination of a free vortex with a forced vortex inside it. This view seems untenable in the light of the observations described above.
Another attem pt to support the theory was made by measuring the diameter of the air-core at the throat. The observations proved difficult owing to the corrugations on the water surface; they were carried out by fixing a short horizontal rod, pointed at both extremities, to the end of a long vertical bar which was traversed across the core. Two methods are available for calculating the theoretical values of b:
(i) By means of (12), employing the observations of and h. (ii) On eliminating c from (4) and (5) we obtain Since P is positive this cubic equation has one positive real root, hence 6 can be determined from the observations of I I ' and Q.
The results of this investigation, given in table 2, confirm th a t the observations lay in the range to which the negative signs in (12) and (13) are applicable. The 
agreement between experiment and theory is fairly good except in the last set, which was taken with the powerful vortex produced by the ^ in. supply.
Am MEASUREMENTS
The formation of an air-core led to no significant entrainment of air provided th a t the core was steady. The downward motion of the air within the core was due purely to surface friction and was arrested by the slightest rise in the pressure in the bell. Only when the vortex was feeble and irregular was there a definite entrainment of air insensitive to changes in the back pressure of the order of yg in. of water. Under these conditions a succession of air bubbles passed down the pipe, and a positive driving force was provided by the intervening water. This state of affairs ensued at low heads when surging set in and at high heads when the vortex spluttered, but the volume of air drawn down was never found to be large. W ith spluttering the maxi mum ratio of the air flow to the water flow was 0-28 for bellmouth A and 0-20 for bellmouth B, while for the surging condition the maximum ratio was much smaller, being only 0-04 for bellmouth A.
Surface oscillations in the circular tank
The progress of the work was occasionally disturbed by the appearance of waves in the circular tank, which were of sufficient amplitude to impede the setting of the hook gauge. Sometimes the motion was seen to possess a nodal diameter rotating steadily in the tank, and hence the origin of the waves was traced to resonance between the natural periods of the water in the tank and of the disturbances (pre viously mentioned) in the vortex. This system can easily be excited in a tumbler, but no method of maintaining it indefinitely seems to have been previously noticed. Rayleigh (1876) and Lamb (1932) showed th a t on deep and stationary water in a circular tank waves of various kinds are possible. For the symmetrical type in a tank of radius R the period is 2n/(gk)i, where k is given by the while when there are s rotating nodal diameters the period is 2ns/(gk)*, k being determined by the roots of In the course of the experiments disturbances were noticed having periods of 1-32, 1-30 (twice), 0*91, 0*74 (thrice), 0*66 (twice), 0-59 (twice), 0 4 6 , 0-43sec. The shape of the single nodal diameter in the second mode was checked with hook gauges, and a node was found a t r/R = 0-70; the theoretical value is 0*719. The agreement between the two sets of figures shows th at the existence of the air-core and of the streaming motion, which except near the centre was small compared with the wave velocities, had little effect upon the natural periods of the water. I t is also clear th at the disturbances in the vortex were not capricious but possessed definite frequencies.
We are greatly indebted to Sir Geoffrey Taylor for much helpful discussion of § 5.
